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A B S T R A C T
Spinel ferrite nanoparticles have astounding uses in the diverse field of applications. The virgin nickel ferrite
(NiFe2O4), and cadmium (Cd) and strontium (Sr) substituted nickel ferrite nanostructures were synthesized by a
self-ignited auto-combustion method. Such ferrites were characterized at room temperature to determine their
composition dependent structural and magnetic properties. XRD patterns revealed cubic spinel single phase.
Raman spectra disclosed five active phonon modes assigned to the spinel phase. FTIR spectra of the proposed
nanoferrites exhibited two prominent absorption bands allotted to the stretching vibrations of tetrahedral and
octahedral complexes. FESEM images manifested the evolution of porous NiFe2O4 microstructures. Magnetic
properties of these ferrites were determined in terms of saturation magnetization, magnetic moment and Y–K
angles. The small ratios of remanent to saturation magnetization clearly demonstrated the existence of multi-
domains in the grown nanoferrites. The observed enhanced magnetic performance was endorsed to the A-site
substitution in the spinel structure.
Introduction
Spinel ferrites have been emerged as potential candidates for di-
verse applications due to their abundance, flexibility, low-cost and
excellent electromagnetic performance over a broad range of fre-
quencies. Generally, the compositional formula of spinel ferrites can be
represented by AB2O4 (where A is a divalent metallic ion). Based on the
cation distribution, spinel ferrites can be categorized into normal, in-
verse and mixed spinel structures. Earlier, ferrite nanostructures have
been intensively utilized for permanent magnets, high-density in-
formation storage, and drug delivery. Categorically, nickel ferrite
(NiFe2O4) is a ferrimagnetic material that has low conductivity, low
eddy current losses and high electrochemical stability [1,2]. Further-
more, the bulk phase of NiFe2O4 is fully composed of inverse spinel
structures [3].
Researches revealed that the structure and morphology (shape, size
and surface topology) of ferrite nanostructures can be controlled ac-
curately by adjusting the composition as well as the methods of
syntheses [4,5]. Over the years, diverse techniques have been devel-
oped to prepare ferrite nanostructures such as solid-state [6,7], sol-gel
[8,9], thermal decompositions [10–12], co-precipitation [13], hydro-
thermal [14] and mechanical milling [15]. Despite many dedicated
efforts, a highly efficient and accurate method for the synthesis of
ferrite nanostructures is far from being achieved. On top, the correla-
tion among the compositions, cationic distribution in the structure,
electric and magnetic properties of ferrite nanostructures has not been
established yet. It is known that eight (8) molecules are involved in the
unit cell of NiFe2O4, wherein a face-centered cubic (FCC) structure is
formed by 32 O2− with the availability of 64 tetrahedral (A) and 32
octahedral (B) sites. Eight tetrahedral A-sites (8A) are occupied by half
of the Fe3+ cations, whereas the rest of the Fe3+ and Ni2+ cations are
distributed over the octahedral B-sites (16B) [16]. The cations dis-
tribution between A- and B-site is decided by the ionic radii, the nature
of bonding and the synthesis technique. Thus, it is essential to develop
an accurate technique for the preparation of ferrite nanomaterials with
improved properties useful for varied devices fabrication.
Driven by this demand, we examined the influence of composition
variation on the structures, morphology and magnetic properties of
Ni0.9Cd0.1-xSrxFe2O4 (x = 0.00, 0.05 and 0.10) nanostructures synthe-
sized via the simple auto-combustion method. As-prepared samples
were thoroughly characterized at room temperature using diverse
analytical tools. Results were analysed and discussed. Besides, a cor-
relation between structural and magnetic properties was established.
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Both pure as well as cadmium (Cd) and strontium (Sr) doped nickel
(Ni) ferrite nanoparticles were prepared using auto-combustion method
[17]. Highly pure (AR grade) stoichiometric amount of Ni, Cd, Sr and
ferric nitrates was mixed in a beaker and heated for complete melting.
Next, the citric acid at a molar ratio of 1:1 was added to this mixture
before being heated to achieve absolute combustion. Burned agglom-
erated specimen was powdered using mortar pestle and then calcined at
800 °C for approximately 6 h. Afterward, the pellets form of the ferrite
specimens were sintered at 850 °C for about 8 h.
X-ray diffraction (XRD) measurement (Rigaku SmartLab dif-
fractometer) operated with Cu-Kα radiation of wavelength 1.54056 Å at
scanning angle (2θ) in the range of 20° to 80° were performed to de-
termine the structure and phases of synthesized nanoferrites. Besides,
Rietveld analysis using PDXL software was carried out to refine the XRD
data. Field-emission scanning electron microscope (FESEM, Carl Zeiss
EVO 10, Japan) was used to image the surface morphology of nano-
ferrites. Energy dispersive X-ray (EDX, Oxford Instruments) measure-
ment was conducted to detect the elemental composition of the studied
samples. Raman spectra of the sintered samples in the wavenumber
range of 130 to 800 cm−1 were recorded using STR-500 Micro-Raman
spectrometer equipped with 532 nm diode laser source. Fourier trans-
form infrared (FTIR) spectra were obtained (Shimadzu 8400S, Japan)
using KBr as reference material. Magnetic properties of nanoferrites
were measured by vibrating sample magnetometer (VSM, Model No.
4500EG, G Princeton Applied Research, USA) with a maximum mag-
netization field of 10 kOe. All the characterizations were carried out at
room temperature.
Results and discussion
Phase, morphology, and structure of synthesized nano ferrites
Phase and structural analysis
Fig. 1 shows the XRD patterns of the as-synthesized specimens,
which revealed a single phase with cubic structure. The lattice para-
meter (a) and the crystallite size (D) of all samples were evaluated
(Table 1). Scherer’s formula [18] was used to calculate the nanocrys-
tallites size. With increasing substitution levels of Cd and Sr into the
ferrite structures, the (3 1 1) XRD peak of all nanoferrites (except for
Ni0.9Cd0.1Fe2O4) was shifted constantly towards higher angle accom-
panied by broadening. The observed broadening of the diffraction peak
suggested the formation of tiny nanoparticles and related quantum size
confinement. Furthermore, the lattice parameter of the prepared nickel
ferrites was elongated linearly with the increase of Cd and Sr contents
which was ascribed to the larger ionic radius of Cd compared to Sr.
Besides, the sizes of nickel ferrite particles were shrunk and the lattice
parameter was elongated with the increase in the substituent’s contents
(Table 1). The lattice parameters of the prepared ferrites were esti-
mated using the expression [19]:
=
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where (hkl) signify the Miller indices, and θ denotes the diffraction
angle corresponding to the (hkl) plane.
X-ray density (ρx) of the studied ferrites was calculated by Smith and
Wijn formula [20]:
=ρ nM Na/x 3 (2)
where N is the Avogadro’s number, n denotes the formula unit number
present in the unit cell (n was equal to 8 for the proposed ferrites) and
M represents the molecular weight of the specimens (Table 1).
The variation of LA (the distance between magnetic ions so called
the ion jump length in the tetrahedral A-site) and LB (the distance be-
tween magnetic ions called the ion jump length in the octahedral B-site)






The calculated composition dependent values of LA and LB are en-
listed in Table 1. The disclosed sensitivity of the ion jump lengths on the
substituent Cd and Sr contents in the studied ferrites was attributed to
the ionic radii mismatch assisted variation in the lattice constant [22].
The detailed phase analysis via PDXL Rietveld refinement program
displayed that the proposed ferrite samples existed in a pure single
phase (devoid of impurities). The observed value of R-factors and χ2
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where, Rwp simply compare the calculated pattern to the data, n is the
number of observations, p is the number of parameters and c is the
number of constraints in the definition of goodness of fit. The quanti-
tative analysis of the cubic phase was performed with split pseudo-
Voigt function and the XRD pattern was fitted with whole powder
pattern fitting (WPPF) program. Table 2 summarizes the calculated
lattice parameters and refinement parameters of the studied samples.
No other extra phases were detected in Reitveld analysis. There is no
such structural phase change observed in introducing the foreign sub-
stituent atoms. The low values of χ2 affirms the goodness of fitting.
It was acknowledged that when the A-site is substituted with dif-
ferent cations, the mismatch in the size can create non-uniform strain
responsible for the unit cell deformation and hence the broadening in
the XRD peak [23,24]. Williamson-Hall plots [25] were used to quantify
such strain that could present in the specimen (Fig. 3). The strain (ε)
was estimated from the slope of the straight line fit using the relation:
= +βCosθ εSinθ kλ
D
4 (8)
where β is the full width at half maxima (FWHM) of the XRD peak
positioned at θ, λ is the X-ray wavelength, D is nanocrystallite size and kFig. 1. XRD patterns of the synthesized samples [reproduced from Ref. [17]].
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is a constant called shape factor. The composition dependent alteration
in the strain values of the prepared ferrites (Table 1) can be explained in
terms of the valance state of the host material and the ionic radii of the
substituted ions.
Morphology
Fig. 4(i) a–d shows the FESEM images of all the obtained nano-
ferrites, which consisted of random distribution of agglomerated grains
originated from the ignition of fuels during preparation. The grain size
estimated from FESEM data was discerned to be larger than the one
obtained from XRD analysis. This indicated that every grain was formed
by the aggregation of several tiny ferrite nanocrystallites or nano-
particles. It was asserted that the morphology of the microstructure is
sensitive to the substituent contents. The elemental composition of the
prepared ferrites was confirmed by EDX analysis. The EDX spectra
displayed the homogeneous mixing of Ni, Cd, Sr, Fe and O atoms in the
pure as well as doped nickel ferrites as shown in Fig. 4(ii) a–d. The
measured composition was consistent with the calculated one.
Vibrational properties
Raman spectral analysis
Micro-Raman spectroscopy was used to characterize the phonon
modes in the synthesized spinel ferrites [26]. Cubic spinel ferrites
having the general formula of AB2O4 with Fd3̄m(Oh7 No. 227) group
symmetry clearly disclosed five Raman active modes [27,28] assigned
to A1g, Eg and 3T2g (Fig. 5). The notation A, E, and T signified the
corresponding one, two and three-dimensional representations of
phonon modes, and g designated the center of inversion symmetry [29].
The A1g mode was allocated to the symmetric stretching of oxygen
atoms in the tetrahedral sites along Fe–O (and Ni–O) bonds termed as
tetrahedral breathing mode (TBM). Furthermore, Eg mode was assigned
to the symmetric bending of oxygen with regard to the metal ion and
T2g(3) mode was approved to the asymmetric bending of oxygen bond.
The T2g(2) mode was allotted to the asymmetric stretching of Fe (Ni)
and O. Meanwhile, the T2g(2) and T2g(3) modes were endorsed to the
vibrations associated with the octahedral group. The mode T2g(1) was
allocated to the translational movement of the tetrahedron (metal ion at
the tetrahedral site plus oxygen atoms). Moreover, the displacement of
metal atoms in modes A1g, Eg and T2g(3) was insignificant. In ferrites,
the vibration modes that appear beyond 600 cm−1 are generally allo-
cated to the motion of the oxygen atoms in the tetrahedral AO4 group
and those occur lower than 600 cm−1 are assigned to the motion of the
oxygen atoms in the octahedral BO6 group [30].
In this present study, the Cd and Sr substituted NiFe2O4 compounds
having an inverse or partially inverse spinel structures displayed some
extra Raman modes (Table 3). The emergence of such extra vibrational
modes as spectral peaks was assigned to the existence of non-equivalent
Table 1
Tables for various structural parameters calculated from XRD analysis.
Sample a (Å) ρx (g/cm
3) V (Å3) D (nm) LA (Å) LB (Å) ε (%)
NiFe2O4 8.329 5.3859 577.80 37 7.2131 5.8894 0.1730
Ni0.9Cd0.1Fe2O4 8.330 5.5104 578.01 36 7.2139 5.8901 0.2320
Ni0.9Sr0.1Fe2O4 8.489 5.1526 611.74 31 7.3516 6.0026 0.2074
Ni0.9Cd0.05Sr0.05Fe2O4 8.342 5.4582 580.51 26 7.2243 5.8986 0.1692
Fig. 2. Rietveld analysis of (a) NiFe2O4, (b) Ni0.9Cd0.1Fe2O4, (c) Ni0.9Sr0.1Fe2O4 and (d) Ni0.9Cd0.05Sr0.05Fe2O4.
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atoms at the octahedral B-sites which were occupied by either Fe or Ni
ions or by the substituted Cd or Sr ions in the modified NiFe2O4 na-
nostructures [31]. The mismatch in the ionic radii of Ni, Fe and sub-
stituent ions produced a wide variation in the bond lengths formed
between Fe/Ni/substituent atoms and oxygen. This broad distribution
in the bond lengths could result in extra Raman peaks, wherein these
peaks were assigned to the unit cell with Ni ions occupancy at the oc-
tahedral site and the other was approved to the unit cell with Ni ions
occupation both at the octahedral and tetrahedral sites. It was affirmed
that the occurrence of such doublet-like peaks in the Raman spectra
towards the lower wavenumber region could be due to the existence of
a mixed spinel phase in the ferrite nanostructures [32].
FTIR spectra
Fig. 6 depicts the FTIR spectra of all ferrite samples recorded in the
wavenumber range of 450–3700 cm−1. The IR spectra provided useful
information related to the substituent atoms assisted deformation in the
spinel structure, bonding vibrations (vibrational modes), end of che-
mical reaction, ionic positions in the ferrite nano-crystal, and
distribution of cations in the ferrite unit cell [33]. Generally, normal
and inverse cubic spinel phase of ferrites reveal four significant ab-
sorption bands and two fundamental bands (υ1 andυ2). In the present
case, the observed two prominent absorption bands at 600 cm−1 (υ1)
and 400 cm−1 (υ2) were allocated respectively to the intrinsic
stretching vibrations of the tetrahedral and octahedral sites which
confirmed the existence of the cubic spinel phase in the studied nano-
ferrites [34].
It is known that the octahedral sites in pure nickel nanoferrites
(NiFe2O4) are occupied by Ni ions, whereas in doped nickel nanoferrites
(Ni0.9Cd0.1Fe2O4 and Ni0.9Sr0.1Fe2O4) such sites are occupied by Ni2+
and Cd2+as well as Ni2+ and Sr2+. Conversely, in
Ni0.9Cd0.05Sr0.05Fe2O4 the octahedral sites are occupied by Ni, Cd and
Sr ions, while both the tetrahedral and the octahedral sites are partially
occupied by Fe ions [35]. Thus, the bands appeared at lower wave
numbers (435, 439, 438, and 439 cm−1) were due to the octahedral
group complexes while those occurred at higher wavenumbers (601,
613, 599 and 600 cm−1) were due to the tetrahedral group complexes
(Table 4) [36]. Meanwhile, the values of υ1 and υ2were shifted towards
higher wavenumber with the increase in the substituent contents [37].
The variations in the absorption peak positions and intensities were
decided by the metal cations mass and the bond strength between the
metal cations and the oxygen atoms [38]. Usually, for solid materials
the IR absorption bands in the wavenumber range of 100–1000 cm−1
are allocated to ionic vibrations in the crystalline lattice sites. Herein,
the observed absorption band at 3388 cm−1 was aroused from the O–H
stretching vibrational modes associated to the water molecule and the
band around 2930 cm−1 was due to the O–H group in the citric acid.
Additionally, the band at 1450 cm−1 was approved to the asymmetric
stretching vibrations of NO3 and the one around 1647 cm−1 was al-
lotted to the vibration of carbo-oxalate anions [39]. The appearance of
a band at 2352 cm−1 was due to the stretching vibration of the hy-
droxyl group present in the nanoferrites.
The force constant was found to enhance with the increase of doping
contents in the nanoferrites (Table 4), indicating the inter-ionic bond
strengthening. The value of force constant for the tetrahedral site of
Ni0.9Cd0.1Fe2O4 was maximum due to its higher atomic weight. The
disparities in the distances between Fe3+ and O2− ions involving the
octahedral and tetrahedral complexes of Ni0.9Cd0.1Fe2O4 caused ap-
preciable variation in the FTIR absorption bands position. The force
constant of the octahedral (kO) and tetrahedral site (kt) was calculated
using the relations [40]:
=k π C M ν4t t t2 2 2 (9)
=k π C M ν4O O O2 2 2 (10)
where υt and υo denotes the frequency of vibrational bands originate
from the tetrahedral and octahedral sites, MO and Mt represent the
corresponding molecular weights [41,42] and C is the speed of light in
vacuum.
Magnetic properties
Fig. 7 displays the magnetic response of all the studied nanoferrites.
The magnetic measured properties of the synthesized ferrites such as
Table 2
Structural parameters for pure and doped nickel ferrites obtained via Rietveld refinement procedure.
Sample Space Group Lattice Parameter (Å) Refinement Parameters ICDD Card Number
Rwp Rp S χ2
NiFe2O4 Fd-3m 8.350(3) 6.3 5.03 1.0304 1.0618 01-078-3741
Ni0.9Cd0.1Fe2O4 Fd-3m 8.350(1) 4.35 3.45 1.0944 1.1977 01-005-8429
Ni0.9Sr0.1Fe2O4 Fd-3m 8.326(2) 5.21 3.73 1.3355 1.7834 01-014-8286
Ni0.9Cd0.05Sr0.05Fe2O4 Fd-3m 8.325(7) 5.31 3.5 1.3811 1.9073 01-054-0964
Fig. 3. Williamson-Hall plots for all studied nanoferrite compositions.
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saturation magnetization (Ms), remanent magnetization (Mr), coercive
field (Hc), squareness ratio (Mr/Ms), and the magnetic moment (ηt
B) are
summarized in Table 5. The values ofMs for Cd2+, Sr2+, and Cd2+-Sr2+
substituted NiFe2O4 was increased from 18.34 emu/g to 34.79 emu/g.
Following Yafet-Kittel [43,44], the magnetic behavior disclosed by the
studied ferrites was interpreted via two sub-lattice collinear model
[45,46] and three sub-lattice non-collinear models. For spinel ferrite
structure, the two sub-lattice model deals with three kinds of super-
exchange interactions such as A-A, B-B, and A-B, where the strength of
A-B exchange interaction is higher than A-A and B-B [47]. The observed
large value of net magnetic moment ηt
B = MB − MA in the studied
composition clearly indicated the occurrence of the higher value of Ms.
The experimental value of the magnetic moment per formula unit was
calculated in terms of the molecular weight (MW ) of the synthesized





According to two sub-lattice model, the octahedral (B) sites are
occupied by eight divalent metal ions (Me2+), whereas other sixteen
Fe3+ ions are equally distributed among A and B-site with a cation
distribution given by [Fe3+]A[Me2+Fe3+]BO4. In the proposed spinel
Fig. 4. (i) FESEM images of the prepared samples revealing porous and non-uniform granular morphology of (a) NiFe2O4, (b) Ni0.9Cd0.1Fe2O4, (c) Ni0.9Sr0.1Fe2O4 and
(d) Ni0.9Cd0.05Sr0.05Fe2O4. (ii) The EDX spectra of (a) NiFe2O4,(b) Ni0.9Cd0.1Fe2O4, (c) Ni0.9Sr0.1Fe2O4 and (d) Ni0.9Cd0.05Sr0.05Fe2O4.
Fig. 4. (continued)
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ferrite nanostructure (NiFe2O4), the possible cations distribution could
be [Fe3+1.0]A[Ni2+1.0 Fe3+1.0]B O42−. The substituted Cd2+ (with zero mag-
netic moments) and Sr2+ ions in the lattice showed a strong preference
to occupy A-site and thereby the cation distribution in the three com-
positions was configured as [49]:
→ + + + + −Ni Cd Fe O Cd Fe Ni Fe O( ) [ ]A B0.9 0.1 2 4 0.12 0.93 0.92 1.13 42
→ + + + + −Ni Sr Fe O Sr Fe Ni Fe O( ) [ ]A B0.9 0.1 2 4 0.12 0.93 0.92 1.13 42
→ + + + + + −Ni Cd Sr Fe O Cd Sr Fe Ni Fe O( ) [ ]A B0.9 0.05 0.05 2 4 0.052 0.052 0.93 0.92 1.13 42
Fundamentally, the replacement of any dopant ions in the NiFe2O4
lattice could significantly influence the magnetization. The mechanism
of the alteration of magnetization due to the occupation of substituent
ions was understood as follows: the Fe3+ ions with stronger magnetic
moment (5 μB) were replaced by Cd
2+ ions and Sr2+ (both with the
weaker magnetic moment of 0 μB), thereby the magnetic moment of A-
site was reduced and that of B-site was enhanced. Furthermore, the
Fig. 5. (a) Raman spectra of all samples and (b) the corresponding deconvoluted Raman modes in the range of 400–800 cm−1 [reproduced from Ref. [17]].
Table 3
All the studied samples and the corresponding Raman vibrational modes.
Sample T2g(1) Eg T2g(2) T2g(3) Ag
NiFe2O4 210 331 481 566 696
Ni0.9Cd0.1Fe2O4 212 331 482 574 700
Ni0.9Sr0.1Fe2O4 202 329 480 564 694
Ni0.9Cd0.05Sr0.05Fe2O4 196 312 479 551 692
Fig. 6. FTIR spectra of all the proposed nanoferrites. Inset shows the main two
peaks for octahedral and tetrahedral sites of ferrites.
Table 4
Absorption band and force constant for all studies samples.
Composition υ1 (cm−1) υ2 (cm−1) kt (102 N/m) kO (102 N/m)
NiFe2O4 601 435 2.64 1.39
Ni0.9Cd0.1Fe2O4 613 439 2.75 0.95
Ni0.9Sr0.1Fe2O4 599 438 2.63 0.94
Ni0.9Cd0.05Sr0.05Fe2O4 600 439 2.63 1.06
Fig. 7. Room temperature magnetic hysteresis loops of pure NiFe2O4 and
substituted nickel ferrites.
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observed enhancement in the saturation magnetization (Ms) was in-
terpreted in terms of the increased super-exchange interaction within
the inter-sub-lattice (A-B), which was consistent with the collinear two
sub-lattice model.
The Bohr magneton (μB), constant for the magneto-crystalline ani-




















where the symbols have their usual meaning.
The estimated value of Ms and μB exhibited an increasing trend
which was ascribed to the existence of strong exchange interactions
among the ions that occupied the tetrahedral and the octahedral sites.
The shortening in the lattice parameter also confirmed the emergence
of strong ionic interactions among various lattice sites. Perusal of
Table 5 enlists the composition dependent alterations in the values of K
and μB together with other magnetic parameters. Fluctuations in grain
size may also have impact on magnetization due to domain wall
movement under the action of magnetic field. The overall value of
magnetization obtained is a result of the contributions of all the factors
depending upon ferrite composition. Pure nickel ferrite (NiFe2O4) dis-
closed the lowest value of initial permeability and Cd/Sr substituted
one showed the highest value.
Conclusions
Tailoring the room temperature structural, morphological, vibra-
tional and magnetic properties of pure as well as Cd and Sr ions sub-
stituted nickel nanoferrites were assessed in this communication. The X-
Ray diffraction pattern of Ni0.9Cd0.1-xSrxFe2O4 (x = 0.00, 0.05 and
0.10) ferrites synthesized by self-ignited auto-combustion method gives
a clear indication of formation of cubic spinel phase with Scherrer’s
grain diameter ranging from 26 to 37 nm. Rietveld analysis revealed the
formation of the single spinel ferrite phase without having any residual
phase formation and structural transition. The lattice parameter of the
studied nanoferrites were ranged from 8.32 Å to 8.48 Å. Overall, the
properties of the proposed nanoferrites were found to be sensitive to the
ionic radii of substituent ions. The porous morphology of nanoferrites
which is manifested by FESEM study, is beneficial for gas sensing ap-
plications. EDX spectra detected the appropriate stoichiometric ele-
mental compositions. Raman spectra of the obtained spinel ferrites
disclosed five typical phonon modes (A1g + Eg + 3T2g) which are
signature of spinel structure. Both FTIR band positions and intensities
related to tetrahedral and octahedral sites were sensitive to the sub-
stitution contents. The magnetic properties of the studied nanoferrites
were enhanced due to the incorporation of substituent ions in the A-site
of the spinel lattice, exhibiting a maximum for Ni0.9Sr0.05Cd0.05Fe2O4
composition. The value of the coercive field was reduced with the in-
crease of doping levels.
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